Cycling is known to be environmentally friendly and beneficial to public health and sustainable urban development. Cycling has recently increased in Chinese cities as a result of the emergence of station-less bike-sharing systems. This study examines the emergence, rapid growth and consolidation of station-less bike-sharing systems and the role of suppliers, users and government regulators. It shows that these systems developed unevenly, growing most in large cities in eastern and south-eastern China, and explores the relationship between this spatial distribution and the nature of the service and the socio-economic characteristics of cities. To investigate patterns of, and reasons for, the use of these systems, this research also reports the results of a survey of users and non-users, identifying their gender, age, income characteristics and attitudes to station-less systems.
Introduction
In the 1980s China was known as the 'kingdom of the bicycle'. Since the 1990s however, increasing ownership and the use of private motor cars has seen a dramatic decline in bicycle usage [1] . The recent emergence of station-less bike-sharing has reversed this trend and seen a substantial rise in bicycle use, with significant urban transportation impacts. In 2017 the number of shared bicycle users reached 70 million [2] . At present Chinese bike-sharing companies serve about 150 cities, and have started to expand services overseas in cities such as Singapore and Sapporo. Improving the utility of station-less bike-sharing systems should help bring cycling habits back into overly car-congested cities [3] , and play an important role in green mobility and urban sustainability.
Concomitant with the development of sharing economies and technologies [4] , bike-sharing systems have evolved from station-based to station-less systems in China. Similar to other forms within the sharing economy [5, 6] , station-less systems involve on-demand services and flexible supply. In general, a station-less bike-sharing system uses a mobile phone application (app) to provide on-demand services ( Figure 1) . By increasing the use of bicycles, this new development is beneficial for public health [7] . In addition, it significantly improves the first/last mile of public transport journeys, alleviates traffic congestion and lessens the environmental impact of urban transport, helping to improve air quality, reduce carbon emissions and reduce traffic noise [8] . Since the launch of station-less bike-sharing systems in China, they have experienced explosive growth followed by transport journeys, alleviates traffic congestion and lessens the environmental impact of urban transport, helping to improve air quality, reduce carbon emissions and reduce traffic noise [8] . Since the launch of station-less bike-sharing systems in China, they have experienced explosive growth followed by consolidation, seasonal decline and even the recent collapse of some providers. This has given rise to important governance challenges. The aim of this paper is to investigate how supplier, user and government agencies responded to, and affected, the development of bike-sharing systems in China, in particular, for station-less systems. With this in mind, the paper outlines the emergence, growth and consolidation of bike-sharing systems in China and interactions between suppliers and government agencies in these stages. In a further study of the supply side, the paper surveys the spatial distribution of station-less bike-sharing systems and their drivers. In terms of the demand side, the paper reports the results of a questionnaire survey conducted to understand usage patterns and related issues. The paper itself is organised as follows. The existing literature is briefly reviewed in Section 2. Section 3 outlines the evolution of bike-sharing systems in China, and the ways in which governments responded. Section 4 outlines methods used to study the supply and demand sides respectively. Section 5 presents the results, and Section 6 concludes.
Literature Review
The principle of bike-sharing is that people use a bicycle on an 'as-needed' basis without the costs and responsibilities of bicycle ownership [9] . Bike-sharing systems have evolved from 'station-less' to 'station-based' and back to 'station-less'. DeMaio has shown that bike-sharing systems date back to 1965 in Amsterdam [8] . At that time and place, users looked for a shared bicycle at or near their place of origin and rode it to a destination where the user could leave it unlocked for the next user. The next generation, coin-deposit systems, first appeared in Denmark in 1991 [10] . With the design of docking stations, third generation systems appeared in 1996 in England at Portsmouth University. These self-service systems provided services in over 120 cities worldwide [8, 11] . The fourth generation systems were station-less and included Call-a-bike, established in 2000, and Nextbike set up in 2004 in Europe (see www.bikesharingmap.com for a fuller list).
In China, station-based and station-less bike-sharing systems appeared successively. With the development of related smartphone applications from 2015, station-less bikes have appeared in The aim of this paper is to investigate how supplier, user and government agencies responded to, and affected, the development of bike-sharing systems in China, in particular, for station-less systems. With this in mind, the paper outlines the emergence, growth and consolidation of bike-sharing systems in China and interactions between suppliers and government agencies in these stages. In a further study of the supply side, the paper surveys the spatial distribution of station-less bike-sharing systems and their drivers. In terms of the demand side, the paper reports the results of a questionnaire survey conducted to understand usage patterns and related issues. The paper itself is organised as follows. The existing literature is briefly reviewed in Section 2. Section 3 outlines the evolution of bike-sharing systems in China, and the ways in which governments responded. Section 4 outlines methods used to study the supply and demand sides respectively. Section 5 presents the results, and Section 6 concludes.
In China, station-based and station-less bike-sharing systems appeared successively. With the development of related smartphone applications from 2015, station-less bikes have appeared in about 150 Chinese cities. Before the emergence of station-less systems, station-based systems had been in use for years. Hence, station-based and station-less systems may be classified into two different phases in the development of bike-sharing systems in China. With this in mind, previous studies are sorted into two streams, as follows.
Station-Based Systems
Station-based bike-sharing systems or public bicycle programmes appeared in Denmark in 1991. Most subsequent systems used a station-based model. These systems received a great deal of attention, as they contributed significantly to improved urban mobility from the mid-2000s [11] . A variety of self-service docking stations were used. Bicycles could be hired at a docking station and had to be returned after use to the same or a different docking station.
The distribution of docking stations was an important determinant of accessibility and service coverage. Midgley suggested that bike stations should be close to major transit hubs (transfer points), residential zones (origins/destinations) and workplaces (destinations/origins) [12] . Martens argued that cycling should be an alternative mode of public transportation and that the distribution of bike stations should therefore be related to the public transport network [13] . In Europe and the United States, bike stations were indeed located close to Metro stations [13] [14] [15] [16] . García-Palomares et al. put forward a GIS modelling approach for optimizing bike station locations [17] .
In station-based systems, bicycles have to be moved from surplus to deficit stations. Ho and Szeto, and Erdogan et al. (2014) , amongst others, used optimization techniques to deal with this problem [18, 19] , while Fricker and Gast examined the role of the finite capacities of stations in the reallocation of bicycles [20] . The distribution of stations and the reallocation of bicycles together played an important role in matching supply and demand. However, a high density of stations required substantial investment and increased maintenance costs, so that station-based systems usually only served limited parts of cities.
To better understand their use, a number of researchers examined the geographies of bike-sharing systems in Europe, the Middle East, Asia, Australasia and North America [11, [21] [22] [23] [24] [25] . Subsequently, Faghih-Imani and Eluru found that users' destination preferences significantly affected cycling choices [26] . De Chardon et al. found that station-based systems encountered constraints in relation to the maximization of profits and service levels [27] , although these constraints could be relaxed in medium-sized cities [28] . Moreover, Faghih-Imani et al. concluded that bike-sharing systems were likely to be favoured where urban congestion was serious [29] . An advantage of station-based systems was that bicycle usage could be monitored at points of origin and destination, but these systems were limited by the distribution of stations and the need to redistribute bicycles. As the success of bike-sharing systems largely depends on how user demand is met, these constraints limited the use of shared bicycles.
Station-Less Systems
The first station-less system in Amsterdam collapsed due to the absence of a suitable regulatory environment and monitoring [8] . If, however, station-less systems are equipped with built-in GPS devices, station-less systems offer significant opportunities for smart management and mobility [30] , and should better facilitate cycling trips.
Recently, many station-less bike-sharing systems have appeared. In the US, Canada, Europe and Australia, SocialBicycles (SoBi) offered services via smartphones and websites [31] . In contrast to SoBi, post-2015 Chinese station-less bike sharing companies provided services only via smartphones. Bicycles were equipped with advanced locks. Mobike for example fitted its bicycles with keyless digital locks, which automatically unlocked/locked bicycles when users borrowed/returned them. The process of renting, riding and returning a station-less bike is shown in Figure 2 . Station-less systems are mobile phone application-based and can collect and display users' cycling data. This data can be used in empirical studies of cycling behaviour [32] . Application data from GPS devices provides insights into spatio-temporal patterns of usage, but there is a lack of corresponding socio-demographic data. To fill this gap, Piwek et al. conducted an online survey to investigate the extent to which cyclists' travel behaviour was affected by cycling applications [33] . Zhao and Li sought to identify the reasons why people chose cycling as a transfer mode. However, these studies did not focus on station-less systems [34] . Table 1 summarizes recent related studies. For station-based systems, bike-sharing implementation, cycling patterns and bike usage have been studied. At present however, gaps remain. To date there are few studies of Chinese station-less bike-sharing systems. A study by Zhang et al. dealt with the need to deal with the re-distribution of cycles and parking disorder [35] . The relationships between rapid growth, supplier strategy and governance, however, still require investigation, as do the socio-demographic characteristics of users. This knowledge is particularly important for policy-makers and operators seeking to improve urban transport and its management. 
Stages in the Development of Bike-Sharing Systems in China
The emergence, growth and governance of urban shared cycling systems derives from the strategies of operators (bike sharing companies), decision-makers (local and national authorities whose responses to new application-based transport services differ), users and the suppliers and users of other modes of urban transport [36, 37] . In the case of China, Figure 3 identifies the main Station-less systems are mobile phone application-based and can collect and display users' cycling data. This data can be used in empirical studies of cycling behaviour [32] . Application data from GPS devices provides insights into spatio-temporal patterns of usage, but there is a lack of corresponding socio-demographic data. To fill this gap, Piwek et al. conducted an online survey to investigate the extent to which cyclists' travel behaviour was affected by cycling applications [33] . Zhao and Li sought to identify the reasons why people chose cycling as a transfer mode. However, these studies did not focus on station-less systems [34] . Table 1 summarizes recent related studies. For station-based systems, bike-sharing implementation, cycling patterns and bike usage have been studied. At present however, gaps remain. To date there are few studies of Chinese station-less bike-sharing systems. A study by Zhang et al. dealt with the need to deal with the re-distribution of cycles and parking disorder [35] . The relationships between rapid growth, supplier strategy and governance, however, still require investigation, as do the socio-demographic characteristics of users. This knowledge is particularly important for policy-makers and operators seeking to improve urban transport and its management. 
The emergence, growth and governance of urban shared cycling systems derives from the strategies of operators (bike sharing companies), decision-makers (local and national authorities whose responses to new application-based transport services differ), users and the suppliers and users of other modes of urban transport [36, 37] . In the case of China, Figure 3 identifies the main stages in the industry's evolution, mainly in terms of the number of companies and local and state authorities' responses. 
Launch of Bike-Sharing Systems
In China, public bike-sharing systems have been in use from 2007. At first, they were station-based systems governed by municipal governments. Municipal authorities were responsible for the distribution of bike stations, the maintenance of facilities and equipment and management, supported public bicycle programmes and even offered subsidies to bike-sharing companies.
From 2010 to 2014 some municipal governments authorized bike-sharing companies to operate and manage station-based systems. The launch of a new provider required municipal authorization, after which these services were self-financing. The providers made decisions as to the number and location of bike stations so as to minimize costs and maximize spatial coverage. 
From 2010 to 2014 some municipal governments authorized bike-sharing companies to operate and manage station-based systems. The launch of a new provider required municipal authorization, after which these services were self-financing. The providers made decisions as to the number and location of bike stations so as to minimize costs and maximize spatial coverage.
One of the largest bike-sharing companies was Yonganxing. In 2014, it provided services in over 200 mainly small and medium sized cities, proving that station-based systems could be successful in cities of these sizes [28] . In these cities, a finite number of stations could meet cycling demand. In large cities however, costs prevented companies from providing sufficient stations. Spatial coverage was inadequate, and riders had to accept a degree of inconvenience. To some extent, station-based systems are similar to other station-centred public transport systems. The result was that there was potential demand for on-demand bike-sharing services, particularly in large cities. In addition, it is worth noting that the station-based model usually involved a membership system. Users had to sign up with municipal authorities or agencies, get a smart card and pre-pay cycling fees. The membership system contributed to the emergence of some loyal users of station-based systems, while the presence of existing members in a locality contributed to membership growth [38] . However, station-based systems have a limited influence on shifts in travel behavior, and as indicated in Section 2.1, the popularity of station-based systems declined due to their fixed distribution.
Emergence of Station-Less Bike Systems
Station-less bike-sharing systems emerged in August 2014, following on the tails of station-based systems. In some cities, the emergence of station-less systems decreased the market occupancy of station-based systems or even caused their failure. The number of station-less bike-sharing companies reached five in January 2016 ( Figure 4 ). There were three main reasons for the emergence of this new system namely traffic congestion, improvements in information technology, and the call for on-demand services. One of the largest bike-sharing companies was Yonganxing. In 2014, it provided services in over 200 mainly small and medium sized cities, proving that station-based systems could be successful in cities of these sizes [28] . In these cities, a finite number of stations could meet cycling demand. In large cities however, costs prevented companies from providing sufficient stations. Spatial coverage was inadequate, and riders had to accept a degree of inconvenience. To some extent, station-based systems are similar to other station-centred public transport systems. The result was that there was potential demand for on-demand bike-sharing services, particularly in large cities. In addition, it is worth noting that the station-based model usually involved a membership system. Users had to sign up with municipal authorities or agencies, get a smart card and pre-pay cycling fees. The membership system contributed to the emergence of some loyal users of station-based systems, while the presence of existing members in a locality contributed to membership growth [38] . However, station-based systems have a limited influence on shifts in travel behavior, and as indicated in Section 2.1, the popularity of station-based systems declined due to their fixed distribution.
Station-less bike-sharing systems emerged in August 2014, following on the tails of station-based systems. In some cities, the emergence of station-less systems decreased the market occupancy of station-based systems or even caused their failure. The number of station-less bike-sharing companies reached five in January 2016 ( Figure 4 ). There were three main reasons for the emergence of this new system namely traffic congestion, improvements in information technology, and the call for on-demand services. Rising traffic congestion was a major issue in many mega-cities, leading some urban residents to switch from driving to public transportation and/or cycling. For short-distance trips, cycling is an alternative, saving both money and time. Generally speaking, users paid a deposit of 99 to 299 yuan Rising traffic congestion was a major issue in many mega-cities, leading some urban residents to switch from driving to public transportation and/or cycling. For short-distance trips, cycling is an alternative, saving both money and time. Generally speaking, users paid a deposit of 99 to 299 yuan (about 15 to 45 US dollars) when they signed up as a member of a bike-sharing system. Afterwards, the average cost of a cycling trip of less than one hour was not more than 1 yuan (about 15 US cents).
When roads are gridlocked, cycling is faster than driving. For long-distance trips, public transportation is an alternative, but users still need bicycles to solve the first/last mile issue. A report showed that in 2016 average walking distance was about 0.94 km for a public transport trip [39] , and average public transport travel time was between 40.9 min and 53.8 min. Assuming that average walking speed was 4 km/h, average walking time accounted for at least 26% of a door-to-door public transport trip. Replacing walking by cycling significantly reduces the overall duration of public transport journeys by speeding up the first/last mile of the journey.
Improvements in information technology ensured that users could find bicycles almost everywhere. Companies equipped their bicycles with digital locks and GPS devices. Each bike-sharing company used a cloud server to operate its station-less system. Meanwhile, the spatial coverage of the 4G network expanded, and the popularity of smartphones grew. In China, smartphone ownership increased from 55% in 2013 to 65% in 2015 and continued to grow [40] . The popularity of smartphones encouraged an application-based daily payments and service lifestyle. About 500 million smartphone users relied on application-based payments and were used to making payments by scanning QR codes.
Along with the call for on-demand services, the two aforementioned reasons explain the establishment of Ofo and Mobike. Ofo initially focused on campus cycling trips, starting operation in Peking University in June 2015 ( Figure 3 ). Mobike aimed from the outset at providing for cycling trips throughout a city, starting in Shanghai in April 2016.
In the early stages, a decision had to be made as to whether a station-less bike-sharing system should be confined to a certain area. Apparently, Ofo employed this strategy, but Mobike did not. Ofo made this decision because universities along with industrial zones are highly populated areas with a high demand for cycling. In these areas, Ofo acquired a high market share in the early years, and then in 2017 exported this system overseas, initially targeting campuses in Cambridge, Massachusetts and Silicon Valley. However, the distribution of bicycles over a whole city can increase the number of users in the long term.
At this stage, the only relevant government document was the guidance for promoting green consumption, issued by China's national development and reform commission (NDRC) in March 2016. It encouraged low-carbon travel modes, including walking, cycling, and public transport. Following the establishment of a stream of application-based transport services, the NDRC also supported car-sharing applications and public bike-sharing programmes to facilitate green transport.
At the municipal level, there were no direct regulatory responses to station-less bike-sharing systems. It is worth noting that early-phase local and national state attempts to regulate and even forbid ride-hailing applications were unsuccessful. When station-less systems entered the market, local and state authorities did not prohibit their emergence, letting the outcomes reflect the interaction of suppliers and users.
Stage of Rapid Growth
From October 2016 and May 2017 rapid bike-sharing market growth occurred (Figure 3; Figure 4 ). The number of registered users grew to over 80 million [2] . Companies that had previously operated station-based systems started to employ station-less systems.
In this period bike-sharing companies continuously increased the number of cities served. As Mobike's system was working smoothly in Shanghai, between September and October 2016 it was introduced in Beijing, Shenzhen and Guangzhou. To compete with Mobike, Ofo expanded its services from campuses to the whole city. This expansion of service coverage made Ofo and Mobike the two largest companies. Figure 5 shows the cities they served in May 2017. In general, bike-sharing companies usually distributed bicycles in four mega cities, namely Beijing, Shanghai, Guangzhou and Shenzhen, subsequently adding provincial capitals. By May 2017, all provincial capitals had at least one station-less system. At this stage the major issue was the rapid entry of new suppliers and intense competition, with the number of companies increasing from seven to over thirty, and with rapid increases in the number and distribution of bicycles in the cities they served. Other problems encountered in this phase were the increasing occupation of urban space by bicycles and the exacerbation of already serious parking disorder.
Local municipal authorities supported the rapid growth of station-less systems due to their contribution to a green lifestyle and improved public health. As shown in Figure 3 , the first regulatory document was issued in Shenzhen in December 2016. This document sought to encourage and guide the development of station-less systems and clarified the responsibilities of related sectors. Primarily, the transportation and city management sectors were made responsible for the planning of bicycle lanes and parking zones. Municipal district and city management authorities were required to avoid disorderly bicycle parking, and the traffic police department was made responsible for dealing with traffic incidents involving shared bicycles.
Initially, many companies registered as internet rather than transport companies. The Shenzhen regulation, however, referred to bike-sharing companies, requiring the companies involved to register in both the commercial and transportation administration sectors. Under this regulation, the companies were required to report on their service coverage, number of bicycles, pricing arrangements and regulations relating to traffic accidents. Companies were advised to adopt advanced technology to monitor bicycle usage and ensure device quality. Companies were also made responsible for all aspects of cycling trips, including for example, accident insurance and security of the deposits paid by users.
Following Shenzhen, six other cities issued policies to regulate station-less systems, transforming the bilateral relationships between operators and users into trilateral relationships between supply, demand and government. These local regulations did not establish uniform overall standards governing station-less systems. For example, some local regulations included provisions relating to the risks attached to the deposits paid by riders, while others did not. Some local authorities set the minimum age of riders at 12 years, while others specified restrictions relating to their height.
Consolidation Stage
From May 2017, the bike-sharing market entered a supplier consolidation stage (see Figures 3 and 4) . One change related to market shares. During the period of rapid growth, the users registered with most companies increased continuously, with all of the companies focusing on marketing. In the consolidation stage, the relative competitiveness of large companies increased, as did their share of all users (see Figure 4) . However, the overall speed of increase in user numbers slowed down. In these circumstances, small companies gradually withdrew from the market or collapsed, as in the case of Wukong (see Figure 3) . These failures were mainly due to a loss of market share.
In general, one might expect the number of shared bikes to be correlated with the morphology and climate of cities. However, companies paid little attention to these factors and put as many bikes as possible onto the market. This strategy accelerated the failure of small companies. As Figure 4 shows, between June and September 2017 the number of bike-sharing companies decreased from 30 to 26, and it continued downwards to 17 April 2018. In addition, many bike-sharing companies adopted new strategies, and instead of offering subsidies and/or free rides to attract users and increase their competitiveness, removed them in an attempt to cover costs and increase their financial sustainability.
At this stage, authors of third-party applications offered to handle payments for the users of multiple bike-sharing applications. This service made payments much more convenient and helped integrate the market. For example, Alibaba decided to invest in, and integrate, the bike-sharing market. Its payment application, Alipay, offered access to various bike-sharing applications. The Alipay platform listed available bike-sharing applications for each city, although it excluded Mobike, as access to Mobike was provided by WeChat Pay, another third-party payment application.
At this stage, after a four-month period of consultation with companies and users, the Ministry of Transport designed a national regulatory framework. In May 2017, the Chinese cycling association established a separate sector for station-less bike-sharing companies. These steps were designed to establish national service norms for station-less systems and a national industrial community for bike-sharing systems. Then the General Administration of Quality Supervision, Inspection and Quarantine issued the first report on station-less bikes, indicating that 12.5% of station-less bikes fell short of quality standards, making them a safety risk for users. Table 2 summarizes this discussion of supply and governance issues. As Shaheen and Martin argued, station-based and station-less systems should suit different sizes of cities [41] . Station-less bike-sharing systems have higher maintenance costs than station-based systems. Station-less systems provide greater flexibility with a large number of bicycles spread across a wide area, while station-based systems provide limited bicycles in a finite region. Consequently, station-less systems can solve the first/last mile issue, but cause parking disorder, whereas station-based systems have the opposite characteristics. Because of these characteristics, station-less systems are suitable in large and populous cities, while station-based systems work well in small-and medium-sized cities. A further advantage of station-less systems is that, given the wide availability of smart phones, it is easy to sign up. Joining station-based systems is more complicated. However, station-based systems can ensure the security of deposits, while users of station-less systems risk their deposits. For this reason, an analysis of user and non-user perspectives is necessary. attributes of cities, data were also collected on the average latitude, X6, slope, X7, and ground elevation, X8. Table 3 reports summary statistics for the eight variables on which data were collected. To examine the role of these potential drivers, a logistic regression model was estimated, in which the binary dependent variable was set equal to one for cities served by bike-sharing systems and zero for the others, using as independent variables the eight variables , … , , identified in this paragraph and reported in Table 3 . Algebraically, the model can be expressed as follow:
where Pr( = 1| , , … , ) is the probability of a city having a station-less bike sharing system, , … , are the eight hypothesized causal variables and , … , are coefficients to be estimated with logistic regression. The results are reported in the next section. Mobike's data was sourced from ifeng [42] , and Ofo data was sourced from the Alipay platform) Mobike's data was sourced from ifeng [42] , and Ofo data was sourced from the Alipay platform).
Methods

Quantitative Supply-Side Analysis
The rise of bike sharing systems raises new governance and management issues, of which one is the distribution of shared bikes. To investigate the strategies adopted in the phase of rapid growth, a quantitative analysis of the distribution of cycles was conducted for the two largest companies (i.e., Ofo and Mobike). Figure 5 portrays the spatial distribution of bike-sharing systems at a city level in the stage of rapid growth. Trends in the distribution will be discussed in Section 5.
In light of the literature survey and the examination of the phases in the development of the sector, a number of hypothesized drivers of this distribution were identified and operationalized by collecting data on a series of corresponding causal variables. More specifically, for 273 cities the presence or absence of a shared bicycle system was noted along with a number of infrastructural and socio-demographic characteristics. The size of the urban area, X1, and the length of the road system per inhabitant, X2, were considered as they might affect the number of potential users. Population density, X3, was measured as the existing literature suggests that high densities are conducive to the development of shared bicycle systems and the number of buses per 1000 people, X4 was computed to reflect the importance of alternative modes of public urban transport. The development of shared cycling is also likely to be shaped by the size of the potential market in income terms, and so data on urban gross domestic product (GDP) were collected. As the popularity of cycling may be correlated with the climate, terrain and physical geographical attributes of cities, data were also collected on the average latitude, X6, slope, X7, and ground elevation, X8. Table 3 reports summary statistics for the eight variables on which data were collected. To examine the role of these potential drivers, a logistic regression model was estimated, in which the binary dependent variable was set equal to one for cities served by bike-sharing systems and zero for the others, using as independent variables the eight variables X 1 , . . . , X 8 , identified in this paragraph and reported in Table 3 . Algebraically, the model can be expressed as follow:
where Pr(Y = 1|X 1 , X 2 , . . . , X 8 ) is the probability of a city having a station-less bike sharing system, X 1 , . . . , X 8 are the eight hypothesized causal variables and β 1 , . . . , β 8 are coefficients to be estimated with logistic regression. The results are reported in the next section. Of these cities, 138 were served by one or two bike-sharing companies. The validity of this model depends upon the existence of a linear relationship between the logit (logarithm of the odds ratio) of the outcome and each independent variable. Before the regression analysis, the absence of multicollinearity amongst the independent variables was checked through inspection of a correlation matrix. The results are set out in the Section 5.
Demand-Side Questionnaire Survey
To examine further the demand side in the period of rapid growth, an online smartphone survey of attitudes towards, and the demand for, station-less bikes was conducted. The aims of the survey were to discover why and how people use station-less bike-sharing systems and to inform policy.
In the sampling process, respondents were randomly selected from users and non-users interested in commenting on station-less bike-sharing systems and in submitting completed questionnaires using their smartphones. The survey was conducted between 24 May and 1 June 2017, did not permit multiple submissions and protected the privacy of respondents. The survey was distributed via the social media portal 'WeChat'. All respondents therefore owned a smartphone and were Wechat users. The questionnaire was divided into two parts. The first section contained compulsory questions about the socioeconomic characteristics of the respondent. The second included separate sets of questions for users and non-users.
In total 1110 questionnaires were completed and returned. Of the respondents, 648 were female and 462 were male, 54.9% lived in three mega cities (Beijing, Shanghai, and Guangzhou). According to the National Bureau of Statistics (http://www.stats.gov.cn/) data, in 2016 48.79% of the total population of China were female, and 65.6% were of working-age (between 16 and 60 years old). In the survey female respondents exceeded male respondents (Table 4 ) and were over-represented relative to their share of the Chinese population, perhaps because female smartphone users are more likely to complete surveys. The share of working-age respondents also exceeded their overall national population share, perhaps because smartphone users are more likely to be of working age. The respondents were classified into a series of age groups. The first group comprised non-adults (≤18 years of age). This age band was selected because children under 12 are not allowed to ride bicycles on the urban road network in China, and because teenage smartphone ownership is relatively small. The fifth interval was set at more than 55 years as the use of smartphones is also relatively small for people in this age group. These two groups accounted for less than 5% of respondents (see Table 4 ). People aged 18 to 55 needed investigation in more detail as station-less bike-sharing systems first appeared on campuses, increasing the popularity of bike sharing amongst undergraduate and postgraduate students who are usually aged 18 to 25. Accordingly, this age group was distinguished. Respondents aged between 26 and 55 were divided into two more or less equal groups comprising, respectively, the 41.71% aged 26 to 35 years and the 35.5% aged 36 to 55 years. Meanwhile, the respondents were also divided into five income groups. The shares in each of the first four groups were relatively even. Few respondents had an income of more than 20,000 RMB per month.
To examine the socio-economic characteristics (gender, age and income) of users and non-users, a logistic regression model was estimated. The dependent variable was whether the respondent was a user or a non-user (i.e., respondent status). As shown in Table 4 , gender was a binary independent variable, age and income were represented by categorical variables depicting the socio-economic background of users and non-users and a binary and a categorical variable were used to represent attitudes towards and the influence of bike-sharing. Algebraically, the model can be written as follows:
where Pr(B = 1|A i ) is the probability that an individual was a user of a station-less bike sharing system. A 1 , A 2 , and A 3 denote the gender, age, and income of respondents all of which were considered to be potential determinants of use, and α 1 , . . . , α 3 are coefficients to be estimated with logistic regression.
The results are reported in the next section.
Results
Spatial Distribution by Regions
As the estimates in Table 5 show, by the end of 2016 the total urban population of cities with bike sharing systems was about 280 million, and bike sharing systems served 83.38% of Chinese cities. Bike sharing systems tended to be established in cities in eastern rather than in western or central China. Over 64% of cities in the east had bike sharing systems, and 37 of them had both Mobike and Ofo systems. In western and central regions, only 30% of cities were served by bike sharing systems. Most of the Chinese population, and most economic activity, is located in the eastern region, indicating bike sharing companies' preference for investment in economically advanced and heavily populated areas. Bike sharing systems were most common in eastern and southwestern cities. In the east, Mobike and Ofo tended to serve cities with more than three million inhabitants, while in western and central regions both were also usually present in large cities, in this case with more than two million inhabitants. In the case of gross domestic product (GDP) Mobike and Ofo were usually present in cities with a GDP of more than 106.97 billion (about 16.0 billion US dollars) in eastern China and more than 36 billion (about 5.38 billion US dollars) in central and western China. Cities in the northeast and northwest rarely had bike sharing systems ( Figure 5 ). In these areas long and relatively cold winters make cycling less popular than in southern cities.
Influencing Elements on the Supply Side
The model results suggest that population density and GDP per capita are statistically significant determinants of the logit of the presence of the two main companies (Table 6 ). Of the geographical characteristics of the cities, only average latitude, which is related to the climatic conditions prevailing in different cities, was related to the log odds of the presence of the two main companies. The evidence suggests the presence of shared bicycles in cities may be somewhat indeterminate, as many potential influences such as buses per capita, urban road density, and the geography of cities did not significantly affect decisions to invest and were seemingly not considered by bike-sharing companies in making investment decisions. For example, one would expect cycling to be more common in cities in which there are few steep slopes and, therefore, with a lower ground elevation at the city centre, as higher ground elevation is correlated with the presence of steep terrain. And yet, the average ground elevation of cities that were served by bike-sharing companies was 474.95 m above sea level, which is higher than the overall average (716.8 m). A possible explanation is the overriding importance of population density and city size.
These results suggest that the presence and success of station-less systems depends on how cities' public transport networks developed. For example, all cities with metro systems have station-less bike-sharing systems. In fact, bike-sharing companies deliberately locate bicycles around bus and metro stations. These findings are consistent with previous studies of the introduction of public bike-sharing programmes in cities [13] [14] [15] and are also suggestive of the role of station-less systems in solving the first/last mile issue. Note that ** indicates p < 0.05 and *** indicates p < 0.01.
As already mentioned, these companies also chose to establish services in cities with high GDP per capita and high population densities. Economic growth tends to increase the popularity of smartphones, which play a significant role in the usage of station-less systems. High population densities, as already mentioned in Section 3.2, tend to increase the demand for cycling and afford a sufficiently large user base.
Usage Patterns
Over 85% of all respondents were positive about the development of station-less systems, while about 70% of respondents had used them. Around 24% of respondents stated that these systems had no impact on their daily travel behaviour. This proportion corresponded more or less with the share of non-users.
In the case of the gender variable, the odds ratio of 1.2941 indicates that males are 29% more likely to use bike-sharing systems than females (Table 7 ). An odds ratio of 3.7405 for people between 18 and 55 years old indicates that people in this age group were 3.74 times more likely to use shared bicycles than those under 18 (the reference category). The odds ratio for the group between 26 and 35 years old was 2.3010 indicates that that people between 26 and 35 are 2.3 times more likely to use shared bicycles compared with the reference age group. The coefficient for the group aged between 36 and 55 years of age was not statistically significant. This estimate should in any case be set aside due to collinearity. * p < 0.1, ** p < 0.05, *** p < 0.01.
As far as income levels are concerned, only the coefficients for individuals with incomes between 5000 and 10,000 and 10,000 and 20,000 Yuan per month (approximately 750, 1500 and 3000 US dollars per month) were statistically significant. A possible conjecture is that bike-sharing systems have affected the travel behaviour of middle-to-high income groups. For people in modest income categories, the use of bike-sharing systems increased slightly as income increased, as the odds ratios rose from 1.1796 to 1.6925. Table 6 shows that 146 respondents considered that station-less bike-sharing systems have a large impact on their daily travel behaviour. Of users, 61 (16.3%) used station-less systems every day (see Table 8 ). Almost one-half of users rode shared bicycles one to three times per week. Over 60% of users were therefore frequent riders.
Only 3.75% of users usually rode for more than 5 km. Station-less bike-journeys were usually of less than 5 km. More than 60% of users usually rode less than 2 km, probably reflecting the fact that 32.1% of users were riding to solve first/last mile issues, and 41.27% were using shared bikes to replace walking. These results are consistent with the findings of other studies [43] . It was found that 32.21% of users replaced short public transport journeys with cycling, which indicates a possible modal shift as suggested other authors have suggested [44] . Further, 47.09% of journeys were to work or school. As these trips were made in the morning and evening rush hours, avoiding congestion may have played a significant role. A decision to cycle rather than walk probably reflects a desire to reduce travel time. More than 40% of users selected leisure and entertainment as the purpose of their journeys. Station-less bike-sharing systems not only facilitate daily commuting but also play a role in relation to other activities, perhaps due to their flexibility and the places and times when they are available. As far as the use of bike sharing applications is concerned, the survey showed that around 70% of users had installed more than one application, with more than 60% using two or three (Table 8 ). This evidence may reflect relative costs, but it may also reflect the advantages of being able to use a number of services, of which some of the most important are increases in the speed and ease of finding an unused bicycle. As Table 9 shows, Ofo and Mobike dominated the market. Over 70% of users rode their bicycles. More specifically, 244 (31.57%) users took advantage of both Ofo and Mobike services. Further, 15.65% of users just used the Ofo system, while 13.2% just used Mobike. The existence of roughly equal shares is indicative of relatively equal progress in a context of intense competition between Ofo and Mobike. With 220 users Bluegogo occupied the third position in terms of market share. As Table 9 shows, Ofo and Mobike dominated the market. Over 70% of users rode their bicycles. More specifically, 244 (31.57%) users took advantage of both Ofo and Mobike services. Further, 15.65% of users just used the Ofo system, while 13.2% just used Mobike. The existence of roughly equal shares is indicative of relatively equal progress in a context of intense competition between Ofo and Mobike. With 220 users Bluegogo occupied the third position in terms of market share. As Table 9 shows, Ofo and Mobike dominated the market. Over 70% of users rode their bicycles. More specifically, 244 (31.57%) users took advantage of both Ofo and Mobike services. Further, 15.65% of users just used the Ofo system, while 13.2% just used Mobike. The existence of roughly equal shares is indicative of relatively equal progress in a context of intense competition between Ofo and Mobike. With 220 users Bluegogo occupied the third position in terms of market share. As Table 9 shows, Ofo and Mobike dominated the market. Over 70% of users rode their bicycles. More specifically, 244 (31.57%) users took advantage of both Ofo and Mobike services. Further, 15.65% of users just used the Ofo system, while 13.2% just used Mobike. The existence of roughly equal shares is indicative of relatively equal progress in a context of intense competition between Ofo and Mobike. With 220 users Bluegogo occupied the third position in terms of market share. As Table 9 shows, Ofo and Mobike dominated the market. Over 70% of users rode their bicycles. More specifically, 244 (31.57%) users took advantage of both Ofo and Mobike services. Further, 15.65% of users just used the Ofo system, while 13.2% just used Mobike. The existence of roughly equal shares is indicative of relatively equal progress in a context of intense competition between Ofo and Mobike. With 220 users Bluegogo occupied the third position in terms of market share. 
Use-Related Issues
The existence of (sometimes wilfully) damaged cycles has an important impact on availability, use and safety. In station-based systems, bicycles are checked at the stations, and usage is tracked. Station-less systems offer users much more freedom, making it more difficult for suppliers to monitor the condition of their bicycles and repair those that are damaged. This problem was 
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The existence of (sometimes wilfully) damaged cycles has an important impact on availability, use and safety. In station-based systems, bicycles are checked at the stations, and usage is tracked. Station-less systems offer users much more freedom, making it more difficult for suppliers to monitor the condition of their bicycles and repair those that are damaged. This problem was relatively serious, with over 73% of users surveyed complaining that they had encountered broken bicycles (Table 8) .
Secondly, one-half of the users have had difficulty in finding bicycles. One of the main reasons is that bike-sharing companies tend to put large numbers of bicycles in populous locations, such as at metro stations, in city centres, and at transportation hubs, locating insufficient cycles in other places. Generally, companies tend to focus on maximizing the number of users rather than maximizing service coverage.
Thirdly, 36.61% of users encountered improperly locked bicycles. With the station-less system, the locking process is a source of problems. Some users deliberately choose not to lock bicycles they have used, especially in some residential communities and on campuses. Subsequent users can then use the bike without payment. Some users lock bikes that they have used, that they consider to be in a good condition and that they want to reuse, remembering the password, or using their own locks. Companies have tried to address these problems by introducing automatic locking devices or by punishing users by deducting credit from their accounts.
The responses of non-users were interesting (Table 10 ) in that 31.75% indicated that they did not need to hire a shared bike, as they presumably either had their own bicycles or had no interest in cycling. Non-users also highlighted some of the concerns that one might expect from people who use other means of transport. The establishment of new, and changes in the relative importance of different, modes of transport apply new pressures on the provision and use of urban spaces including roads, cycle lanes, pavements and parking spaces. Although it is indeed ironic if some of the complainants are car drivers, whose vehicles occupy far more space than bicycles and are often parked illegally (including in cycle lanes and on pavements). It is also interesting to compare the responses of users and non-users. Both users and non-users were mainly concerned with the waste of bicycles and parking disorder, although they encountered these problems in different ways. The existence of high shares of respondents identifying these issues may reflect an excess supply of cycles, especially in the early entry phase, characterized by the launch of new companies and intense competition. The survey results showed that 21.99% of users and 34.12% of non-users complained that bicycles had made improper use of urban space, although this is a problem that also involves private means of transport such as motorcycles, cars and also pedestrians. In the case of cycling, some traffic regulations have not yet been revised, although establishing a regulation and enforcing it are two different things. A substantial 28.72% of users and 36.8% of non-users were concerned about security issues. A high share of non-users finally indicated that they had no need for station-less bikes.
Conclusions and Discussion
Increased cycling contributes to sustainable urban development, improved public health and the alleviation of traffic congestion. However, urban efficiency and equity, and the necessary regulation and governance of bike-sharing companies and users require an understanding of the utility of shared bicycles and the reasons and issues behind their development. This paper contributes to the understanding of these issues in the following ways.
First, this paper reviewed the rapid growth of bike-sharing systems in China and explored the underlying relationships between suppliers, users and government agencies. An analysis of stages in the development of smartphone-based station-less bike-sharing in China identified changes in supplier strategies and government-industry relations through an initial phase of rapid increases in firm entry and intense competition, and a subsequent phase of supplier consolidation (see Section 3).
Second, the attitudes of, and usage by, different categories of user and the attitudes of non-users were examined. Generally speaking, users were mainly middle-income people aged between 18 and 25 years of age (Section 5.3). A result of this survey was also the observation of complementarities between station-less shared bikes and other modes of transport, as well as conflicts over the use of urban space and a number of problems including improper use, an oversupply of bicycles in some places and an absence in others (Section 5.4).
The analysis has a number of policy implications. Identification of advantages and problems is useful for urban planners and decision-makers and for the application-based companies providing shared-bike services by combining information technology and cycling expertise. These companies need to develop their models of transport demand management, and improve the distribution and redistribution of cycles, so as to meet demand, drawing on real-time information to provide good quality, properly maintained and safe bicycles at the right time and in the right place. To meet different types of cycle demand, these companies should also design different categories of bicycles. Municipal authorities can play an important role by designing and enforcing regulations and monitoring mobility, so as to encourage more options for bike-sharing [45] . At the city level, transport agencies should provide cycling infrastructure, enact and enforce norms, including service standards for bike-sharing companies, rules of bicycle usage, and traffic, parking and accident regulations. In each city, urban district administrative agencies are responsible for the planning of parking zones and the provision of cycle lanes, and must also supervise and enforce parking regulations with the cooperation of urban management agencies and traffic police. The traffic police must also seek to increase road safety and deal promptly with traffic accidents involving cycling trips. More importantly, advanced technology should be employed at the municipal level to provide real-time supervision of the number and use of bicycles and the interaction of cycles with other means of transport. Local authorities need to design their service norms according to their population sizes, public transport service levels and economic growth.
As station-less bike-sharing systems develop, more work is required to examine its relationships with regulatory frameworks and the conditions prevailing in particular cities. Also, vitally important is an exploration of cycling's relationships of complementarity and competition with other modes of transport with a view to improving environmental quality and sustainable mobility.
As for this research, a number of limitations point to the need for further investigations. Surveys should be conducted in more cities, cover more companies, and provide answers to further questions relating to the case for subsidization, the impact on other modes of transport, the duration and nature of cycle trips, the dynamics of cycle distribution and its impact on usage, comparative supplier performance and the impact of local climate, meteorological, traffic and other conditions on shared cycle use. Shared cycles are a major urban transport innovation with significant potential positive impacts on urban mobility and environmental quality. This research represents an early step in the investigation of a phenomenon that may well radically reshape future urban mobility. 
